Abstract. This paper reports on calculations of collisional cross sections for the complexes X -C 6 H 6 (X = 3 He, 4 He, Ne) at temperatures in the range 1 µK-10 K and shows that relatively large cross sections in the 10 3 -10 5 Å 2 range are available for collisional cooling. Both elastic and inelastic processes are considered in this temperature range. The calculations suggest that sympathetically cooling benzene to microkelvin temperatures is feasible using these co-trapped rare gas atoms in an optical trap.
Introduction
The creation of ultra-cold and chemically stable molecular gases below millikelvin temperatures is currently an important goal in cold molecular physics. In this largely unexplored temperature regime for molecules, chemical reactions are dominated by tunneling and resonance phenomena which can lead, for example, to an increase in reaction rates as the temperature is decreased [1] . Furthermore, when the kinetic energy of dipolar molecules becomes comparable with their 1 Author to whom any correspondence should be addressed. 2 interaction energy, their long-range and anisotropic interactions are predicted to lead to a variety of novel quantum phases [2] . The ability to trap ultra-cold molecules for long periods offers a unique environment for high-resolution spectroscopy. This capability allows the testing of time variation in fundamental constants [3] , precision tests of physics beyond the standard model [4] and parity violation at the molecular level [5] .
Ultra-cold heteronuclear and homonuclear diatomic molecules can be created from laser cooled alkali metal atoms using photo association and by association on Feshbach resonances. In these schemes, both cold polar and non-polar species have been produced in excited vibrational states. Recent work has shown that these highly excited species can be promoted to their absolute ground state with high efficiency [6] . The range of ultra-cold molecular species created in this way is however limited to the relatively few species that can be laser cooled and trapped; therefore, other methods have been developed to produce more complex diatomic and polyatomic species which are chemically stable. Typical techniques are Stark [7] and Zeeman [8] deceleration which produce stationary molecular ensembles in a single quantum state within the ground vibrational state. Another method, called the buffer gas cooling, uses thermalizing collisions between paramagnetic molecules and cold atoms to produce cold, magnetically trapped molecules at temperatures greater than 100 mK [9] . These methods, while relatively general, are limited to the creation of gases at temperatures in excess of 10 mK and thus further cooling is required to reach the microkelvin (µK) temperature range.
A promising route for cooling to microkelvin temperatures is to extend the buffer gas cooling technique by using colder, laser-cooled atomic species which can be created in the (µK) range. This technique requires thermalizing elastic collisions between the atom and a cold molecular species that is for example created by Stark deceleration. This method is used to sympathetically cool a number of atomic species which cannot be laser cooled to low temperatures [10] . The possibility of sympathetic cooling molecules via this route has been explored theoretically by considering ultra-cold and cold collisions between molecules that can be electrostatically Stark decelerated and laser-cooled alkali metal atomic species. These studies have considered co-trapping in magnetic [11] and electric [12] traps; they indicate that at some temperatures over the cooling range required, inelastic processes dominate over elastic collisions. These inelastic processes lead to trap loss as molecules are promoted to untrappable states preventing further cooling. Additionally, reactions between collision partners can occur which reduce the number of molecular species available for sympathetic cooling [13] .
To explore the sympathetic cooling of optical Stark decelerated non-polar species [14, 15] within an optical trap we have recently studied cold and ultra-cold collisions between molecular hydrogen and ultra-cold laser-cooled rare gas atoms [16, 17] . Our results have established that sympathetic cooling of a simple diatomic species, such as molecular hydrogen, is feasible a with range of the rare gas atoms, and that based on the calculated elastic cross sections, cooling times of less than a second would be required to reach microkelvin temperatures. Co-trapping both species within an optical trap is important for sympathetic cooling because in principle all species and all ground state ro-vibrational states can be trapped, thus preventing trap losses even if state changing inelastic collisions occur. In addition, the use of rare gas atoms as the collision partners minimizes the likelihood of reaction between the molecular species and atomic species.
In the present paper, we consider low-temperature collisions between cold and ultracold rare gas atoms and benzene molecules to evaluate the sympathetic cooling of benzene molecules. We assume that the rare gas atoms are produced following laser cooling in their metastable state and quenched to their absolute ground state. Benzene is a prototypical example 3 of a more complex molecular species that can, in principle, be loaded into an optical trap using optical Stark deceleration. Importantly, it has been optically Stark decelerated [14, 18] and because it has a significantly larger polarizability, it is more efficiently trapped than molecular hydrogen. It is also interesting when compared to molecular hydrogen, because the collisional interactions are more anisotropic and inelastic channels might become important at the upper range of the temperatures we consider for sympathetic cooling.
The benzene-rare gas complexes have drawn significant attention, both experimentally and theoretically, as prototype systems for the study of intermolecular forces between aromatic molecules and non-polar species [19] . In particular, the scientific interest resides in modeling the interaction of aromatic π-systems, which controls several biological phenomena, such as the tertiary structure of proteins or the vertical base-base interaction in DNA. Most works, both theoretical and experimental, have concentrated on the benzene-argon complex. Brocks et al [20] provided a general strategy for solving the quantum dynamical problem of two semi-rigid interacting polyatomic fragments. Subsequently, Brocks and Huygen [21] implemented this method to study bound states of benzene-argon. Related work on this system has been performed by van der Avoird and co-workers [22] - [24] . Highly accurate ab initio studies of the van der Waals interaction for benzene-argon were carried out by Koch et al [25, 26] , and by Klopper and et al [27] . Benzene-helium was investigated by Koch and co-workers [28] . Recently, Pirani et al [29] - [31] produced potential energy surfaces (PESs) for all five benzene-rare gas complexes which combine previous spectroscopic measurements with the analysis of collisions in supersonic expansions.
The paper is organized as follows. Section 2 presents the computational methods used in this study, section 3 describes the main results and the last section is devoted to the conclusions.
Numerical procedure
Following Brocks and Huygen [21] , we use body-fixed coordinates to describe the benzene-rare gas dimer. The system Hamiltonian H can be split into two terms
where H C 6 H 6 is the isolated benzene Hamiltonian, and H int reads [20] 
where R is the distance between the benzene center-of-mass and the rare gas atom, µ is the benzene-atom reduced mass, J is the total angular momentum of the complex and j the angular momentum of the benzene molecule. V int is the benzene-atom interaction potential, which we discuss below. Five angles are necessary in order to define a coordinate system embedded on the benzene. We therefore define an angular basis element as
where D is a Wigner rotation function, M is the projection of J on the space fixed z-axis, is the projection of both J and j on the body fixed z-axis and k is the projection of j on the benzene fixed z-axis. Brocks and Huygen [21] also detail how to construct a basis invariant under particle permutation. In this work, we restrict our analysis to the case J = 0, which implies M = = 0. We also employ a rigid rotor approximation for the benzene molecule. With this assumption the Table 1 . Irreducible representations of the angular basis of equation (5). The first column reports the irrep (D 6h ) of the angular basis element in column 2. The energies and quantum numbers jk (k > 0) of the two lowest benzene states associated with each basis subset are reported in the last four columns. Energies are in cm −1 . Columns 1-5 are taken from Brocks and Huygen [21] . Note that the states defined in column 2 are not normalized.
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Basis
basis elements (3) are also eigenstates of the benzene Hamiltonian H C 6 H 6 with energies
where we use the lamina rule to set C ≈ B/2, with B = 0.189 75 cm −1 for the vibrational ground state. For J = 0, it is only necessary to consider the internal degrees of freedom of the complex which can be represented using three coordinates, the benzene-atom distance R and the benzene orientation angles θ, φ, representing, respectively, the latitude and longitude. Table 1 illustrates the different irreducible representations (irreps) in which the angular basis can be divided starting from the basis elements of equation (3) . For simplicity, the shorthand notation
has been introduced. The good quantum numbers for the benzene-atom dimer are thus the benzene nuclear spin S, its irrep S (note that the same S appears in different S , and that each S can contain more than one S), and the parity (which is also given by (−1) j+k ). D 6 h group labels, given in the first column of table 1, will be used for simplicity. Note that states corresponding to the same irrep, but with different spins, are completely degenerate since we neglect any term depending on nuclear spin in both the benzene internal potential and the benzene-atom potential. The nuclear spin degrees of freedom of benzene are not consider explicitly in the dynamics but only for determining the irrep of the different benzene rotational levels and their multiplicity.
The benzene rotational-vibrational ground state has A 1g symmetry. Table 1 also reports the two lowest energy levels of benzene associated with each irrep. The threshold energy at which the lowest inelastic channel opens thus depends on the particular irrep considered. In particular, the irrep A 1g has the lowest threshold. Note that these energies correspond to the center-of-mass frame. When the scattering energy is defined in the laboratory frame a scaling factor needs to be introduced, which reduces the energy available in the collision in the center-of-mass frame. Our calculations will consider benzene in its ground state and will be thus restricted to the first irrep of table 1.
The normalized angular basis for the irrep A 1g can be written as
where the angular element is assumed to be normalized
The system wavefunction is then expanded on the basis of equation (6) 
where the set of functions { f jk } are the unknown of the problem. They can be determined by solving an infinite system of coupled equations which will be discussed in the next section. In order to calculate the coupling terms, let us first expand the benzene-atom potential on the following basis:
where P m l is an associated Legendre function. As a consequence of the structure of benzene, the benzene-atom potential V (R, θ, φ) is symmetric under reflection in the θ = π/2 plane, and under rotations of multiples of π/3 around the θ = 0 axis. Consequently, only terms with l even and m = 6n (n = 0, 1, 2, . . .) are nonzero in the expansion of equation (9) . The potential energy matrix element between two angular basis vectors is readily evaluated
where the coupling coefficients c lm are
In the sum of equation (10) the indices j, j , l must obey standard triangular limits, whereas, as it can be seen from equation (11), only four values of m are allowed for each pair k, k , such [20] , the matrix elements of the kinetic energy operator of equation (2) can also be readily evaluated yielding the following system of coupled one-dimensional differential equations:
where the number of coupled equations is equal to the number of terms in the expansion of equation (8) . The possible values for { j , k } depend on the number of terms used in the expansion of the potential in equation (10) . As we will consider benzene in its ground state, only terms with k m max will enter in equation (12), where m max is the maximum value of m used in expanding the potential.
Results
The PESs used in this work are those by Pirani et al [31] . They represent the benzene-rare gas interactions using a simple analytical form written as a sum of atom-bond interaction contributions, and whose parameters were fitted from experimental and ab initio data. Those surfaces are also freely available from the web [32] . The PESs were then expanded into the basis of equation (9) using a Gauss-Legendre formula with 1000 points in θ and a sevenpoint Lagrange formula with 1000 points uniformly distributed in φ. The functions v lm (R) were thus calculated on a uniform grid in the range 0.01-200 Å, with a step of 0.01 Å. The expansion was restricted to m max = 0. Consequently, the expansion for the wavefunction in equation (8) contains the channels {0, 0}, {2, 0}, {4, 0}, . . .. A cut of 10 8 cm −1 was imposed to the benzene-atom potential in order to avoid numerical problems.
The system of coupled equations (12) has been solved using a log-derivative propagator scheme [33, 34] . The large number of vibrational states present in these van der Waals dimers makes the use of a polynomial expansion for the { f jk } functions computationally difficult therefore we used a numerical procedure. The R coordinate has been parametrized using a uniformly distributed grid from 0.01 to 300 Å, with a step of 0.01 Å. The numerical stability of the results has been checked in the range 200-300 Å, and by changing the grid step in the range 0.1-0.001 Å. The stability of the results against the choice of the initial point R 0 where to start the propagation was also checked and a value of R 0 = 1.5 Å was selected. Finally, the convergence with the number of closed channels has been checked at four different scattering energies, E = 10 −6 , 10 −4 , 10 −2 and 1 cm −1 . The correctness of the procedure employed was further checked repeating the same calculations using the MOLSCAT package [35] , showing substantial agreement. The scattering observables, such as the K matrix, are extracted by the long-range part of the set of functions { f jk (R)} following the Johnson's recipe [33] . Table 2 reports the convergence in terms of the closed channels for the K matrix for the benzene-neon complexes. The dimension of the matrix is equal to the number of open channels. Therefore, at energies below the first threshold the K matrix reduces simply to a scalar. Above the threshold it becomes a true 2 × 2 matrix. The S matrix is then obtained as
where I is the identity matrix. The experimental conditions we are interested in reproducing assume that the rare gas atom is at rest in the laboratory frame, and therefore essentially all the scattering energy is the kinetic energy of the impinging benzene molecule. With this assumption, and due to the heavy mass of benzene, it is easy to show that only a small portion of the original scattering energy can be used inelastically in the center-of-mass frame. In fact, the energy available in the center-of-mass frame is connected to the laboratory energy by the factor χ Table 3 . X-C 6 H 6 scattering parameters. The second column reports the percentage of laboratory energy available in the center-of-mass frame, assuming that the rare gas atom is at rest in the laboratory frame. The third column reports the first threshold energy in the laboratory frame. Scattering length (a S ) and effective range (r eff ), in Å, are given in the fourth and fifth columns, respectively. where m X and m C 6 H 6 are the masses of the atom and benzene, respectively. Table 3 reports the values of χ for the different complexes. The threshold E for the first inelastic channel is then recalculated in terms of the laboratory scattering energy. As expected from equation (14) the effect is the more pronounced for atoms of smaller mass. In particular, for 3 He, for inelastic collisions to occur the scattering energy in the laboratory frame about 50 times bigger than the energy gap in benzene is required. This effect is reduced for heavier atoms but it still introduces a significant factor, the lowest being 1.6 for benzene-xenon. The last two columns of table 3 report the scattering length a S and the effective range r eff extracted from the phase shifts. As these quantities were not directly calculated, their associated uncertainty is significant, particularly to the effective range where it is estimated to be about 5%. Table 4 reports the contributions of the s-and p-waves to the total cross section, for two incident energies in the center-of-mass frame. The results of this table were obtained using the MOLSCAT package [35] . Whereas the contribution of the p-wave for the higher energy is rather large, for the lower energy the cross section is dominated by the s-wave. As for Ne-benzene the lower incident energy of 0.01 cm −1 happen to be near a minimum of the cross section, for this system we have calculated the p-wave contribution to the cross section at a third lower energy. The table also reports the value of the classical turning point r J defined as r J = r cl √ J (J + 1), and r cl = h 2 /2µE. Collisional cross sections for benzene-rare gas atom complexes over the energy range from 1 µ cm −1 to 1 cm −1 , in the center-of-mass frame. Figure 1 shows the elastic cross section for the three complexes 3 He-C 6 H 6 , 4 He-C 6 H 6 and Ne-C 6 H 6 , as a function of the center-of-mass energy, in the range of 10 −6 -1 cm −1 . The cross sections are constant over a considerable range of scattering energies, up to 20 mK, and their magnitude is comparable to those used in sympathetic cooling of experiments between alkalis [10] . The elastic cross sections for 3 He and 4 He differ at low energies by an order of magnitude, as a consequence of the substantially different mass of the two isotopes. In similar works, on other molecules [17, 36, 37] , a qualitatively similar behavior was also reported. Figure 2 shows two elements of the S matrix for the Ne-C 6 H 6 complex. The diagonal |S 11 | 2 and off-diagonal |S 12 | 2 elements are plotted as a function of the scattering energy (in kelvin) in the laboratory frame, where the state labelled 1 refers to the rotational ground Diagonal and off-diagonal elements for the S matrix just above the first threshold, for Ne-C 6 H 6 . The matrix elements are plotted as functions of the scattering energy, in K, in the laboratory frame, differently from the other figure and tables, where the scattering energy was given in cm −1 and in the center-ofmass frame.
state of benzene (0, 0), and the state 2 to the first excited state in the A 1g irrep (2, 0). Below 6 K |S 12 | 2 is zero as there is insufficient energy to excite benzene to the higher rotational level. In practice, the excitation probability remains very low up to 8 K. A higher threshold should be assumed for benzene-helium due to the lower χ factor for those complexes. In fact, the rapid rise in the inelastic cross section near threshold displayed in figure 2 is probably associated with a resonance; this will be investigated fully in future work.
Discussion and conclusions
The present paper presents calculations of benzene-rare gas atom cross sections which are of importance for sympathetic cooling of benzene in an optical trap. The analysis of this work has been restricted to the A 1g symmetry block. As the experimental set up will possibly produce benzene not just in the absolute ground state, but also in other nuclear spin states and hence symmetries, our analysis of the cross section should consequently also be extended to consider them. However, we note that the lowest spin allowed excitation is actually for the A 1g symmetry considered in this work. We therefore anticipate even fewer problems with losses due to inelastic collisions for these other nuclear spin isotopomers, collisions for which will be considered in future work.
A number of approximations have been introduced in order to reduce the numerical difficulty of the problem. In particular, the expansion basis for the benzene has been restricted to the lowest vibrational band, the benzene-atom potential expansion has been limited to the term m = 0 (the next nonzero term is m = 6), and, finally, the calculation of the scattering observables has been limited to the J = 0 contribution. The first approximation is sound since from table 2 it can be seen that the highest states considered have a lower energy than the first excited benzene vibrational band, which is at more than 400 cm −1 above the ground state. The other two approximations can be easily relaxed, and a more systematic investigation where more expansion functions in the potential are included, as well as the contribution from J > 0, will also be carried out shortly. This work represents a first step towards a systematic analysis of benzene-rare gas atom collisions at ultra-cold temperature. The extension of this work to include the heavier rare gas atoms (Ar, Kr and Xe) is under way.
In a previous paper [17] , we have considered the complexes X-H 2 , and the different cross section were analyzed in terms of the bound states of each complex. A similar analysis for benzene is not as straightforward because of the large number of vibrational states possible in benzene-rare gas atom dimers. However, the scattering lengths for those systems are large below a temperature of 20 mK, indicating that sympathetic cooling is feasible for benzene molecules that have been optically Stark decelerated into an optical trap. In addition, inelastic processes do not appear to be important for collision energies corresponding to temperatures of less than 8 K, which is well above temperatures (< 150 mK) at which sympathetic cooling would begin in an optical trap.
Finally, we note that a problem normally associated with ultra-cold scattering calculations is their strong dependence on the PES employed [17] . It will be interesting to repeat the analysis of rare gas-benzene collisions considering different PESs available in the literature. In addition, it is anticipated that PES will be modified by a small amount within an optical trap and this effect has not been included in this work. However, our computed elastic cross sections are large and even a significant reduction, by up to an order of magnitude, would not preclude sympathetic cooling of benzene by means of laser-cooled and -trapped rare gas atoms.
